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SUMMARY. Culcineurin itunsiMs of two .subuiiils, ;t catalytic A subunit of 60 k Da and a 
regulatory B subuntt of 19 kDa. Both the A and D subunits of rat brain calcineurin were 
expressed in E. coli. The B aubunii *-ns rr-adily ovcrcxprcascd in the pET-2la vector with yields 
of >70 mg of purified B .subunit per I culture, representing >]7% of the soluble E. coli protein. 
About 8 mg of purified A subunit was obtained. The enzyme activities of the A-suhunii and the 
reconstituted AB complex were found to be comparable to that of the bovine brain enzyme. The 
rcconstitution of the AB complex was studied and shown to be rapid. 
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INTRODUCTION. 

Calcineurin is a calcium/calmodulin-dependent protein phosphatase (I ; for reviews, sec 2- 
6). The enzyme consists of two subunits, the catalytic A subunit of 60 kDa (CaN A), and a 
regulatory B subunit (CaN B) of 19 kDa. Inhibitor- 1, the inhibitor protein of protein phosphatasc- 
1 , is a preferred substrate, as is the neural protein, DARPP-32 (4,5). Although calcineurin is 
present in ail mammalian cells, it is most highly abundant in brain tissue (2,3,6). While the 
biological functions of calcineurin in the brain have not been completely elucidated, it is most 
highly concentrated in the hippocampus, and may play j role in regulating neurotransmitter action 
(fi). An important role of calcineurin ha.s been revealed by the Finding that it is the target of the 
immunosuppressant drugs, FK506 and cyclosporin A, both of these being inhibitory as their 
complexes with their respective immunophilin proteins (7). Multiple cDNAs have been isolated 
for the mammalian CaN A subunit (8-13) There are three mammalian genes for the A subuntt, 
giving rise to a, 0 and y isofornis (2). The a gene gives rise to two transcripts, differing by a 10- 
amino acid insert at the C-terminus (II). Two isoforms of the CaN B subunit have been cloned 
( 14, 15). In this study we report the hi eh level expression of the CaN B subunit and the full length 
CaN A subunit in E. coli, their isolation and their reconstitution into a fully active heterodimer. 
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MATERIALS AND METHODS. 

Motertah. ThecDNAs for the a8 isoform of CaN A (16, J 7) and CaN B (18) were those isolated 
from rat brain cDNA libraries, and were generous gifts of Drs B. Pcrrino and T.R. Soderling, 
Vollum Institute. Portland, Oregon. The protein encoded by the rai brain CaN B cDNA (IS) lias 
an amino acid sequence identical that of human CaN B (19). Calmodulin was isolated from bovine 
brain (20) and calmodulin-Sephnrosc was prepared by coupling to CNBr-activatcd Sepharosc 
(Pharmacia-LKB Biofech). Polyclonal antibodies against the A and B su burnt s of bovine brain 
calcineurin were raised in mice using methods previously described (21). Phenyl -Sepharosc, 
Sephacryl S-200 and CNBr-activatcd Sepharosc were obtained from Pharmacia -L KB Biotech. 
Restriction enzymes were obtained from New England Biolabs. Protein sequence analyses were 
performed by the Protein Chemistry Core, TCflR, University of Florida, Gainesville. 
Construction of vectors and expression. The coding sequences of boih the CaN A and CaN B 
subunits were isolated by PCR amplification. For CaN A, Ndel and Hindlll restriction sites were 
engineered at the 5* and 3' ends, respectively, using the primers 5'-CGCGCATATGTCCGAGCC 
CAAGGCG-3' and S'-CGCGAAGCTTTCACTGAATATTGCTGC-S'. The PCR fragment was 
subcloned into the pET-21a expression vector (Novagcn) using the Ndel and Hindlll restriction 
sites. Expression of CaN A was performed in E. coli HMS174(DE3) host cells grown at 37°C in 
Terrific media (1.2% Iryptonc, 2.4% yeast extract, 0.4 % glycerol. 0.017 M KH 2 P0 4 , and 0.072 
M K ; HP0 4 , containing 50 ug/ml ampicillin) in 1 liter cultures. Cells were grown at 37 °C until the 
optical density at 600nm reached a value of 0.7. Expression was then induced by addition of 0.5 
mM ixopropyl p-thiogalactoside (IPTG) followed by growth for an additional 4 hr at 37 C C. For 
CaN B, Ndel and BamHI sites were engineered at the 5' and 3' ends of the coding sequence using 
the primers S'-CCGCCATATGGGAAATGAGGCGAGTT-B' and 5-CGCGGGATCCTCACAC 
A TCT ACC A CC A-3*. respectively The PCR fragment was then inserted into the pET21a vector 
using the Ndel and BamHI sites. BL2I(DE3)plysS cells were used for expression of the CaN B 
subunit. Por CaN B, expression was found to be constitutive when the cells were grown in 
Terrific media pins 0.6% glycerol. The sequences of the CaN A and CaN B inserts were 
con finned by dideoxy nucleotide sequencing. 

Purification of recombinant CaN A The cells from I liter cultures were harvested by centrif ligation 
at 4000 x g nt 4°C for 20 minutes and resuspended in 1/lOth volume of buffer A (100 ml) which 
contained 50 mM TrisHCl, 1 mM HOT A, I mM DTT (dithiothreitol), pH 7.4, The cells were 
disrupted by passage through a French press. The lysale was then cenlrifuged at 30,000 x g for I 
hr at 4°C. The supernatant was precipitated by addition of ammonium sulfate to 50% saturation. 
After centrifugal ion, the pellets were resuspended in buffer A and diaJyzed against three changes 
of buffer A. Calcium chloride was added to the dialysalc to a final concentration or 3 mM. This 
was then mixed with C&M-Scph&rose AB (B ml) which was cqullibrntcd with 20 mM TrisHCl, I 
nnM DTT, 0.5 mM CaCl2, pH 7.4. The suspension was gently mixed by rotation for several hours 
or overnight at 4°C. The gel was poured into a column, washed with the tquilibraling buffer, and 
eluted with 20 mM TrisHCl, 1 mM DTT, 1 mM EGTA, pH 7.4. The eluted fractions were 
concentrated by cemrifugation through Centriplus 30 membranes (Amicon). Theeluate was loaded 
into a Sephacryl -200 column (I x 60 cm), equilibrated with Buffer A plus 0.2M NaCl. The active 
fractions were collected and concentrated by centrifugation through Centriphis 30 membranes. 
The purified materia) was brought to 50% glycerol and stored at -20 C. Recovery of CaN A protein 
was generally from 7-10 mg per preparation. 

Purification of recombinant CaN B. Lysates of cells from 1 liter cultures were prepared as for 
CaN A. The crude lysate was heated at 100°C for 30 min and centrifuged at 15,000 x g for 15 
min. The supernatant was loaded onto a phcnyl-Scpharosc column (2 x 20 cm) equilibrated with 
20 mM TrisHCl. pH 7.4. 1 mM DTT, 0.5 mM Ca 2+ . The column was washed with same buffer 
and then eluted with 20 mM Tris pH 7.4 , 1 mM DTT, 1 mM EGTA. Recovery of protein was 
from 70 to 80 mg of pure CaN B. 

Phosphatase assay. The activity of the CaN A subunit and the reconstituted CaN AB heterodimcr 
was assayed using p-nitropbenyl phosphate (PNPP) as the substrate (22). The assay contained 50 
mM TrisHCl, pH 7.4. 0.5 mM DTT. 0.2 mM CaCh. 0.5 mM MnCl 2 , 0.2 mg/ml bovine serum 
albumin. 0.3 U.M CaM. 20 mM PNPP The enzyme was assayed for 20 min. at 30 : C in a final 
volume of 200 ul Reactions were terminated by the addition of 1.8 ml 0.5 M Na2C03, 20 mM 
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EDTA iind (he absorbar.cc at 4 10 nm was measured using a control lucking enzyme. One unit of 
activity was defined as that catalyzing the hydrolysis of 1 nmolcof p-nitiophenyl phosphate/mi n. 
Protein determinations. Protein ditermmations were performed by the Bradford merhod (23). 



Expression and isolation of the CaN B subunit. The cDNA of the rat brain CaN B was inserted 
into the pET-2 In vector. The expression after induction with 1FTG was found to relatively poor; 
however, during examination of tl»c effects of various growth conditions on expression, it was 
observed that the CaN B subunit was strongly expressed in growth media containing 0.6% 
glycerol, even in the absence of added IPTG. The reasons for the resistance of (he pET21a/CaN 
B construct to IPTG induction, and the response to glycerol arc unknown. This phenomenon was 
not observed with the CaN A subunit in the same vector. Nevertheless, the behavior of the 
system was highly reproducible, and allowed for the isolation of relatively large amounts of CaN 
B, The purification protocol used was a two-step procedure. The E. colt lysatc was heat-treated 
at 10O°C. after which the 16 kDa CaN polypeptide appeared as the major component on SDS- 
PAGE and could be purified to homugencity hy phenyl -Seph.1 rose chromatography (24). The 
SDSPAGE of the material after heat- treatment and phenyl -Sepharosc chromatography are shown 
in Fiir. 1 The yield of CaN C was usually over 70 mg protein/liter culture. The level of 
expression was estimated fo be ca. 17% of the soluble E. colt protein assuming a 100% recovery 
(Table 1) The identity of the protein as the CaN B .subunit was established by its functional ability 
lo activate the CaN A subunit and by immunoblotting with an antibody against bovine calcine urin 
B subunit (not shown). In view of the unusual behavior of the expression system. N-lerminal 
amin» ocid ;*c<[uoncin£ of the recombinant CnN B was performed. The N-tcrminal sequence 
obtained was GNEASYPLEM. confirming the identity of the protein as well as the fact thai 
initiation of transcription was at the appropriate ATG start codon (19). 

Expression of the A subunit. The coding sequence of the CaN A aS isoform was inserted into the 
pET-21u vector. Expression of CaN A was followed by inmtuoobJotling and by activity assay. 
After induction with IPTG, immunoreacfive protein was distributed in both the insoluble and 
soluble fractions of the ly sales. However, the amounts of protein present in the soluble fraction 
were sufficient to allow for isolation of workable amounts of protein. The soluble CaN A 
protein was found to be active in the presence of Mn 2+ and was assayed by iu activity on p- 
nitrophenyl phosphate (Materials and Methods). Purification of CaN A was performed by a simple 
three step procedure based on the method of Klee tt al. (25), involving ammonium sulfate 
precipitation, affinity chromatography on calmodulin -Sepharosc, and finally gel nitration on 
Sephacryl S-200. The SDS-PAGE of the material at different stages of purification is shown in 
Fig. 2. After affinity chromatography on calmodulin-Sepharosc, the major polypeptide is a 60 kE>a 
protein. Minor impurities were largely removed after Sephacryl S-200 chromatography (Fig. 2). 
Identification ot the 60 l;Da band as CaN A subunit was established by Western blotting (Fig. 2, 
lane 4). 



RESULTS. 
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Fig. 1. Purification of CaN B expressed Id E. colt. 

Samples of the preparations were subjected to SDS-PAGfc. Lane S, protein standards (New 
England Biolabs): lane 1, crude lysate, lane 2, after heat-treatment and lane 3, after phenyl- 
Scpharose chromatography. 



Table I. Purification of Recom binant Calcineurin B-Subunit. 

Vol. Protein Recovery 

(ml) Cui£} ISO 

Crude lysate 102 449 100 

Heat-treated extract 94 126 28 

Phcnyl-Sepharose 168 76 17 



The overall recoveries of protein are shown in Tublc II. In ihe preparation shown, 7.7 mg 
protein was recovered from the lysate originating from 1 liter of cell culture. The CaN A subunit 
was inactive but could be activated by Mn 2+ , as has been previously reported for the bovine bram 
CnN A subunit (1,2). The ovrrall recovery of activity was 27%, with a 7- fold purification from 
the crude lysaic, representing an expression level of 14% of the soluble E. coli protein. 
Characterization of the A-subunit. As noted above, the A subunit exhibited activity toward p- 
nitrophenyl phosphate, provided Mn 2+ was present. The specific activity of the CaN A 
preparations ranged from 80-100 uniLs/mg. The response of the CaN A subunii to various 
additions is shown in Fig. 3. The addition of calcium or calmodulin alone had only a slight effect 
on Ihe activity, but in the presence of both there was a greater than 2-fold increase in activity. 
When the B subunit was piesent, activity was roughly doubted. Further addition of calcium or 
calmodulin alone had only slight effects, as with free CaN A. Addition of both led to a further 2- 
fold stimulation. Maximal stimulation to the full specific activity occurred in the presence of both 
calcium, calmodulin and the B subunit. Overall, the behavior of the enzymatic activity of the 
isolated A subunit, and the reconstituted holocnzyme, were highly consistent wiih that observed 
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Fie. 2. Purification or CaN A subwiit expressed In E. coh. 

The CaN A <ubunit was expressed using the pET21a vector and purified by ammonium sulfate 
orecipitation, affinity chromaLugmpUy un colmcxIulin-Scpharox nnH gel nitration on Sephacry) S 
?00 (Materials and Methods). The diagram shows the SDS-PAGE stained for protein of the 
material obtained at different singes of the preparation. Lanes 12. and 3 are the crude jysate 
material after CaM-Sepharosc and Scphacryt S-200 chromatography, respectively. Lane 4 (right 
hund pmcl) i* a Western blot of the material obi«i™*ri «rrr.r Sephacryl S-200 chromatography using 
an antibody against bovine brain caicineui m A-subunit. Protein standards (New England Biolabs) 
are shown by the lines and are given in kDa. 



Table II. Purification nf Recombinant Calcineurin A-Subunit. 

Vol Protein Activity Sp. Act. Recovery Punf. 
rmn fmg> funiio funitt/mg) — iSH 

Crude extract 
50% Amm. Sulf. 
CaM-Scpharo.se 
Sephacry 1-200 



101 


202 


2,500 


14 


100 


1.0 


26 


117 


2.244 


19 


68 


1.4 


27 


10 


826 


80 


30 


6.0 


30 


7.7 


733 


95 


27 


7.0 



for the subunils expressed in Sf9 cells by Perrino *t al (16,18). The rcconstitution of the 
recombinant CaN A and CaN B subuniw apparently took place rapidly, as no time lag was detected 
when the CaN A subunit was pre-incubated at 0 e C forO. I and 3 hr wilh increasing concentrations 
of the CaN B .subunit (Fig 4). In this experiment, the starting concentration of CaN A was 0.5 
HM, and it is seen thai maximal activity was observed at ca. 0.5jiM CaN B, indicating a 1:1 
Sloichiometxy. 

In order to ascertain that a physical complex was formed, the behavior of the CaN A 
subunit and the complex were examined by gel filtration chromatography on Scphacryl S-200. 
The CaN A subunit. and a mixiure of the CaN A subunit with an excess of the CaN B subunit 
were chromatographed. The peak fractions of the chromatography of the A + B mixture were 
western blotted. The results (Fig. 5 insert) show the co-migration of CaN B subunit with the CaN 
A snhuniu confirming the physical formation of a complex. In addition, when a mixture of CaN 
A with excess CaN B wus chro mate graphed on cnlrnodulin-SepIwirose in the presence of calcium, 
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Fig. 3. EfTec-ls of CaN B. Ca 2+ and calmodulin on Ihe activity of recombinant 
CbN A. 

CaN A activity was assayed by the hydrolysis ofp-nilrophcnyl phosphate us described in Materials 
and Methods Data are shown as units/ms; CaN A protein. CaN B, calmodulin (CAM), and C;i 2+ , 
where added, were at concentrations of 0.5 pJM, 0.3 \iM and 0.2 nuM, respectively. All the 
assuy.s performed were carried oui in the presence of 0.5 niM Mn 2+ . 



J 20 




12 3 4 

Calcmeurin B (jlM) 

Fig. 4. Effect* of preincubation of CaN A and CaN R on enzyme activity. 

CaN A (0.5uM) was pre incubated at 0°C for 0 hr (solid circles), 1 hr (open squares) and 3 hr 
(open triangles) with the indicated concentrations of CaN B before assay in the presence of 
calmodulin and calcium. Data are expressed as relative activities. 
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Fig. 5. Sephacry! S-200 chromatography of reconstituted calclneurin. 

CaN A ( 1 mg) and CaN B ( 1 mg) were mixed in a total volume of 0.5 ml and chromatograpbed on 
a Sephacry] S-200 column ( I x 60 cm) equilibrated with 50 mM imidazole chloride, pH 7.4, 1 mM 
DTT. I mM CaCb and 50 mM NaCl. Fractions of 0.5 mi were collected and assayed for enzyme 
acLivity ( solid circles) and protein (open squares). The iuset shows the western blotting of the 
fractions with a mixture of antibodies to CaN A and CaN B. 

it was observed that the excess CaN B was not bound to the column, and a complex of CaN A and 
CaN B could then be eluted with EDTA (not shown). This procedure was used for preparative 
scale reconstitution of the CaN AB heterodimer. The reconstituted enzyme exhibited specific 
activities or 250-350 unit.\/mg heterodimer protein. 

DISCUSSION. 

We have developed a facile system for the expression of the rat brain aft isoform of the 
CaN A subunit, and of the rat brain CaN B subunit. The levels of expression were sufficiently 
high to make this system useful for production of the enzyme in amounts sufficient for isolation 
and study. Rat CaN B has been expressed in Sf9 cells using a baculovirus expression vector 

(1R), and human CaN 8 in K. cnli (24,26). Both methods yielded useful amount c of protein, 
although The yields were not reported for the expression in insect cells. Expression of human CaN 
B in E. coli using the pET-9d vector was reported to provide 5-10 mg protein/liter of cell culture, 
about 1/lOth of that which we obtained. 

The rat CaN A rcfi i so form we used has been expressed in baculovirus (16) and as a fusion 
protein in E. coli with nine residues of tlie T7 gene 10 protein at the N -terminus (27). The human 
CaN A isoform containing a polyproline region in the N-texminus (8) has been expressed as an 
insoluble glutalhione-S-transferase (GST) fusion protein in £. coli by Rokosz et al (26). The 
human CoN A isoform was poorly expressed in F. coli despite the use of a number of different 
vectors, and expression was only obtained as the GST-fusion protein. In addition, there were 
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significant problems wilh proteolytic degradation. Rcconxtilution of the enzyme required cieavage 
of die GST fusion protein, followed by renaturation from urea solutions of the protein. However, 
the renaturation of the CaN A subunit from the urea soluUons was dependent on the presence of the 
B subunif and calmodulin, so that this procedure did not allow isolation of the free A-subunit (26). 
Furthermore, the reconstituted enzyme could not be isolated in a pure form, and the preparation 
was eshmaled to have a purity of 38%. Successful expression and isolation of the CaN A a& 
isoform has achieved in baculovirus by Perrino el al (16). although the yields were not reported. 
The functional behavior of the baclcrially expressed CaN A-subunit reported in our .studies, as 
tested by the hydrolysis of PNPP. are very similar to those reported by Perrino et al (16) for the 
protein expressed in Sf9 cells. The specific activity of the reconstituted enzyme is also comparable 
to values reported for the reconstituted enzyme produced from Sf9 cells, and to literature values 
for the bovine brain enzyme (16,25). The rat CaN An fusion protein expressed in E colt (27) was 
distributed in both particulate and soluble fractions, similar to the results obtained in this study, but 
yields of protein were not reported. 

The reconstitution of the recombinant A subunit with the B subunit was found to proceed 
rapidly and with a maximal activation of activity at a 1:1 stoichiornetry, an ideal behavior which has 
not been previously observed. Reconstitution of the bovine brain A subunit isolated cfter urea 
dissociation was found to require up lo 5 hours at 30°C (28), while the Sf9 expressed enzyme 
required 3 hours ot prec incubation (16). In addition, maximal stimulation of the bovine brain A 
subunit occurred at a molar ratio of subunit B/subunit A of 3 (28). A possible explanation for the 
difference in our experiments is that the CaN A which we isolated is in a properly folded native 
conformation, allowing for rapid reconstitution of the complex. It should be noted that the CaN 
A subunit was purified by affinity chromatography on CaM-Sepharose. This could lead to a 
positive selection for those molecules which are in a fully native conformation. 

In summary, we have developed an expression system in E. coli that permits high level 
expiessiun of the CaN A and CaN B subunits, and have shown that the enzyme can be readily 
reconstituted in an active form that behaves like the native enzyme. This system should facilitate 
structure- function studies of the enzyme, given also the fact that the crystal structure of calcincurin 
has now been solved (29,30). 
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